[1] Quaternary mafic rocks have been erupted from volcanoes both on and behind the volcanic front in southeastern Guatemala and western El Salvador. Behind-the-front volcanism extends almost continuously some 110 km from the front. B and Li contents, as well as B/Nb and Li/Yb ratios, are generally higher in the mafic volcanic rocks of the volcanic front and lower in those behind the front. Beryllium concentrations show the opposite relationships, with generally higher values behind the front. In addition, many behind-the-front samples have lower d 7 Li (2-3% versus 4-6% for the volcanic front). Guatemalan volcanic rocks, in general, have lower d 7 Li than those found along the remainder of the Central American margin. The light element variations across northern Central America clearly indicate that the volcanic front receives a much more pronounced fluid contribution from dehydrating, subducting Cocos lithosphere than the behind-the-front region. This dehydration pulse occurs at slab depths between 85 and 105 km, and selective enrichments of B, Cs, and Cl in volcanic rocks of the volcanic front suggest that the source of this pulse is dehydrating serpentinite. In addition, the dehydration pulse from subducted serpentinite is likely superimposed on a continuous dehydration signal provided by subducting oceanic crust which continues behind the volcanic front to slab depths >200 km. The enhanced fluid contributions at the front produce higher degrees of wedge melting, thus explaining the lower Be contents of front samples. There are two possible explanations of the lower d 7 Li of many behind-the-front volcanic rocks from southeastern Guatemala/western El Salvador: selective loss of 7 Li during progressive dehydration of subducting Cocos lithosphere or diffusive fractionation accompanying late stage, selective crustal contamination. Since the slightly lower d 7 Li of Guatemalan volcanic rocks in general is consistent with a minor crustal overprint, the second explanation is favored and could be relevant to the few subduction zones where lower Li isotopic values characterize back-arc regions. Light element variation across southeastern Guatemala and western El Salvador is consistent with the operation of decompression melting behind the volcanic front. Be/Zr ratios across the northern portion of the Central American subduction zone may indicate some mobility of Be.
Introduction
[2] Subduction zone processes vary in time and space. For example, hydrous fluids expelled by subducting lithosphere should change in composition and volume with increasing depth [Ryan et al., 1996a; Poli, 1998, 2005; Bureau and Keppler, 1999; Rüpke et al., 2004] . An important method of addressing depth-related changes in slab dehydration, as well as other temporal-spatial variations in subduction zone processes, is through across-arc geochemical investigations [Ryan et al., 1995; Walker et al., 1995 Walker et al., , 2000 Walker et al., , 2003 Ryan et al., 1996a; Leeman et al., 2004] . Across-arc geochemical investigations can also be critical in assessing elemental and volatile cycling through subduction zones [Morris and Ryan, 2005; de Leeuw et al., 2007] .
[3] The light elements, B, Be and Li, have provided important insights into numerous processes occurring in subduction zones. Boron, because of its robust solubility in aqueous fluids, is an excellent gauge of slab dehydration, and the resulting transfer of an aqueous fluid component into the magmatic source region in the mantle wedge [Bebout et al., 1993; Ryan and Langmuir, 1993; Leeman et al., 1994; Ryan et al., 1996a] . Li is also soluble in aqueous fluids, particularly at high temperatures [Chan et al., 1994; Brenan et al., 1998a] , but unlike B and some other fluid mobile elements, Li may have an extended residence time in the mantle wedge because of its moderate affinity for mantle olivine and pyroxene [Ryan and Langmuir, 1987; Brenan et al., 1998b; Brooker et al., 2004] . As a consequence, Li isotopes have been suggested as important tracers of subduction-modified mantle [Tomascak et al., 2002; Brooker et al., 2004; Elliott et al., 2006] . Beryllium, on the other hand, is much less soluble than B and Li in aqueous fluids [Tatsumi and Isoyama, 1988; Brenan et al., 1998a] and thus is often thought to carry more information on the composition and melting of the mantle wedge than on slab transfer [e.g., Straub and Layne, 2003] . However, Be is clearly involved in slab transfer since the presence of 10 Be in young arc lavas has proven to be an unambiguous tracer of sediment subduction and recycling through arc volcanoes [Tera et al., 1986; Ryan and Langmuir, 1988; Morris et al., 1990] .
[4] Here we present an examination of the variations in light elements and Li isotopes across the Central American subduction zone in southeastern Guatemala/westernmost El Salvador, building on previous geochemical studies across this region by Walker [1981] , Walker et al. [1995 Walker et al. [ , 2000 Walker et al. [ , 2003 , Cameron et al. [2002] , Cameron and Walker [2006] , and Tonarini et al. [2007] . In particular, Tonarini et al. [2007] used B isotopes in conjunction with radiogenic isotopes and trace elements to argue that serpentine was an important source of hydrous fluids in El Salvador, but less so behind the volcanic front. As we will argue, light element variations across southeastern Guatemala/western El Salvador provide additional support for the Tonarini et al. [2007] model.
Tectonic Overview
[5] Along Central America the Cocos plate is subducting beneath the Caribbean plate ( Figure 1 ) at a rate of about 7 -9 cm/a [DeMets, 2001] . Subducting Cocos lithosphere is relatively young, everywhere less than about 30 Ma [e.g., Protti et al., 1995] . Rapid subduction of relatively young lithosphere results in a thermal structure intermediate between cool and warm subduction zone endmembers [Peacock et al., 2005; Gorman et al., 2006] . Besides oceanic crust, significant sediment appears to be subducting along the entire subduction zone [Aubouin et al., 1984; Moritz et al., 2000] . Subducting sediment consists of two discrete packages or units: an upper unit consisting of hemipelagic muds and clays; and a carbonate-rich lower unit [Kimura et al., 1997; Patino et al., 2000] .
[6] One impressive manifestation of subduction in Central America is the volcanic front (VF), the main line of largely polygenetic volcanoes that runs from the Guatemala/Mexico border to central Costa Rica (Figure 1 ). The Central American volcanic front has been subdivided into eight segments, bounded by strike changes and/or dextral offsets [Stoiber and Carr, 1973; Carr, 1984; Carr et al., 2003] . The dip of the subducting plate below the volcanic front varies systematically along strike with the steepest dip beneath Nicaragua ($70°) and the shallowest ($35-40°) beneath the extremities of the subduction zone, i.e., central-western Guatemala and central Costa Rica [Carr, 1984; Carr et al., 1990; Protti et al., 1995] . Crustal thickness below the volcanic front shows an antithetic relationship to slab dip with the thinnest crust beneath Nicaragua and the thickest beneath the terminal segments of the subduction zone [Carr, 1984; Carr et al., 2003 ].
[7] Although the vast majority of recent volcanism in Central America is concentrated at the volcanic front, there are scattered occurrences of largely monogenetic volcanism behind the volcanic front [Walker, 1981; Walker et al., 2000] . In the northern half of Central America (i.e., Honduras, El Salvador and Guatemala), behind-the-front (BVF) volcanism is associated with arc-normal extensional faulting [Williams et al., 1964; Burkart and Self, 1985] . This volcanic/tectonic coincidence has been attributed to either (1) transverse segmentation of the Caribbean plate [Stoiber and Carr, 1973] or (2) transform movements along the curvilinear North AmericanCaribbean plate boundary [Burkart and Self, 1985] . By far the largest concentration of BVF volcanism in Central America is in southeastern Guatemala/ western El Salvador, where volcanism occurs almost continuously from 15-110 km behind the front, approaching the North American-Caribbean plate boundary (Figure 1 Stoiber and Carr [1973] . Three volcanic front volcanoes relevant to this study are labeled: SM, Santa María; SA, Santa Ana; and IZ, Izalco. Inset shows approximate sample locations of BVF volcanic rocks analyzed for this study and positions of neighboring front volcanoes.
lavas from southeastern Guatemala have yielded Pleistocene ages [Walker et al., 2005] .
Samples and Analytical Methods
[8] The BVF samples analyzed for light elements and Li isotopes come from the collections at Northern Illinois and Rutgers Universities. All BVF samples were obtained from Quaternary cinder cones or small shield volcanoes in southeastern Guatemala and western El Salvador. The majority of the samples are from the unaltered interiors of lava flows. The rest of the samples are juvenile fragments from unaltered tephras (auxiliary material 1 ). As first pointed out by Walker [1981] , BVF lavas (and tephras) are characteristically aphyric to nearly aphyric with sparse phenocrysts and microphenocrysts of olivine and plagioclase. Major and trace element analyses of the BVF samples have been reported by Carr [1974] , Walker [1980] , Walker et al. [1995 Walker et al. [ , 2000 Walker et al. [ , 2007 , Cameron Mickelson [2003] . Some of these samples have also been previously analyzed for Sr, Nd, Pb, and O isotopes, and for U-Th disequilibrium [Walker et al., 1995 [Walker et al., , 2000 Cameron and Walker, 2006] . New light element data were obtained for four volcanic rocks from the volcanic front, two from Pacaya volcano and one each from Fuego and Tecuamburro volcanoes (Figure 1 ). The Tecuamburro sample was also analyzed for Li isotopes. All of the samples from the volcanic front lack visible evidence of surface alteration and either come from lava flows or scoriaceous tephra deposits (auxiliary material). VF samples are porphyritic with phenocrysts of plagioclase, clinopyroxene, opaques, and olivine. In order to characterize possible crustal contaminants, light element concentrations and Li isotopic ratios were determined on three samples of Paleozoic metamorphic and Mesozoic igneous rocks from southeastern Guatemala. The analyzed metamorphic rocks are phyllites, likely part of the San Diego Phyllite of Burkart [1994] . They were sampled on the main road connecting the cities of Ipala and Chiquimula just north of the Jocotan fault zone. The analyzed igneous rock is a granodiorite from the series of plutons outcropping north of the Jocotan fault zone and extending into the Motagua valley [e.g., Williams et al., 1964] . The new light element results were incorporated with preexisting light element data published by Cameron and Walker [2006] for southeastern Guatemala. Light element and Li isotopic information on the volcanic front were supplemented with data from Leeman et al. [1994] , Chan et al. [2002] and the CENTAM database. All of the volcanic rocks analyzed and compared, save one, are basalts to basaltic andesites, with the BVF samples being generally less differentiated (Figure 2) , as seems to be true for behind-the-front, or back-arc, lavas in general [e.g., Hochstaedter et al., 1990] . Three of the most differentiated BVF samples all come from the same volcanic center, Las Viboras, a small shield volcano, whose lavas are compositionally Figure 2 . Chemical classification of volcanic rocks investigated from southeastern Guatemala and western El Salvador [after Le Bas et al., 1986] . Major element analyses are from references given in text and have been recalculated to 100%. notable for other reasons as well (see below). Complete major element, trace element, and radiogenic isotopic data for BVF, VF, and crustal rocks are provided as auxiliary material.
[9] Light elements were determined by direct current plasma atomic emission spectrometry (DCP-AES) at the University of South Florida using an ARL SpectraSpan 7. Methods of sample preparation and DCP-AES analysis followed Ryan and Langmuir [1987 . USGS and Geological Survey of Japan standards were used for calibration purposes. Analytical precision for the light elements range from 6% for Li, 10% for Be to 15% for B. Lithium isotopic ratios were performed by multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS) at the University of Maryland on a Nu Plasma MC-ICP-MS. Sample digestion and mass analysis followed the protocols of Tomascak et al. [1999] . Column chemistry was modified from that of Moriguti and Nakamura [1998a] in that a pressurized third column was utilized to improve separation between Li and Na, as excess Na can result in anomalous Li isotopic readings. Samples were tested for their Li:Na intensity ratios before isotopic analysis, and any samples with ratios greater than 1:5 were passed through the third column an additional time. During analytical runs, unknowns were bracketed between replicate analyses of the L-SVEC standard to correct for drift in the measured 7 Li/ 6 Li ratios.
[10] In addition, two in-house standards, UMD-1 (d 7 Li = 50%)and IRMM-1 (d 7 Li = À0.5%), were routinely measured. L-SVEC drift never exceeded ±0.5% during any analytical run, and instrumental reproducibility was ±1.0%, on the basis of sample replicates.
[11] Accuracy of the Li isotopic determinations was within ±1.0%, on the basis of replicate analyses of USGS and GSJ reference rock compositions.
Results
[12] New light element and Li isotopic compositions are reported in Li) sample / ( 7 Li/ 6 Li) L-SVEC À 1] Â 100. Figure 3 shows the variation in light elements with distance from the volcanic front across southeastern Guatemala/western El Salvador (SEGWES). All available light element data for the northern part of the Central American volcanic front are also displayed for comparison.
[13] With one notable exception, basic volcanic rocks from the volcanic front have B contents !10 ppm (Figure 3a) . The notable VF anomaly is Pacaya volcano where erupted basalts have B concentrations <10 ppm (Figure 3a) . The SEGWES BVF volcanic rocks have generally lower B concentrations than those from the volcanic front (Figure 3a) . Similar VF/BVF distinctions are displayed by the incompatible element Cs (Figure 3b ). Figure 4 illustrates that the VF/BVF distinctions in B (and Cs) are not related to their generally differing degrees of differentiation. Although there are no overall systematic variations in B behind the volcanic front, BVF rocks with B contents > 10 ppm are more common at greater distances from the front (Figure 3a ). Figure 3a also shows the B contents of olivine-hosted melt inclusions from BVF tephras reported by Walker et al. [2003] and how they vary with distance from the volcanic front. On the basis of scanty data, Walker et al. [2003] asserted that, at a given distance from the front, whole-rock B concentrations for BVF volcanic rocks were consistently lower than those of BVF melt inclusions. With the additional B analyses on BVF volcanic rocks provided here, this assertion is no longer valid; that is, the B concentrations of BVF whole rocks and BVF olivine-hosted melt inclusions display excellent agreement (Figure 3a) . However, unlike whole rock B compositions, the B contents of melt inclusions progressively decline across the arc (Figure 3a) , as highlighted previously by Walker et al. [2003] . Local crustal rocks have B contents between 20 and 60 ppm (Figure 3a) .
[14] Across-arc variations in Li are crudely similar to those of B and Cs (Figure 3c ). With the exception of a basaltic tephra from Pacaya, basic volcanic rocks from the volcanic front display a very narrow range of Li contents (8 -10 ppm, Figure 3c ). BVF volcanic rocks, by contrast, typically have lower Li concentrations (<8 ppm, Figure 3c ). There are no obvious systematic variations in Li with distance from the volcanic front ( Figure 3c ). One BVF volcanic center, the small Las Viboras shield volcano, however, erupts basaltic andesites with comparatively high Li contents (10-17 ppm, Figure 3c) . One of the Las Viboras basaltic andesites also has an anomalously high Cs concentration (Figure 3b ). Local crustal rocks have between 11 and 21 ppm Li (Figure 3c ).
[15] The Be concentrations of VF and BVF volcanic rocks arguably show the least overlap (Figure 3d ). However, in the case of Be, it is the rocks of the volcanic front that generally have the lower [16] A number of studies have found that the B/Nb and B/Be ratios of erupted lavas decrease, sometimes quite systematically, across subduction zones [Morris et al., 1990; Ryan et al., 1996a; Brenan et al., 1998a; Moriguti et al., 2004; Leeman et al., 2004; Morris and Ryan, 2005; Tonarini et al., 2007] . Figure 5a shows that B/Nb ratios do not systematically fall across SEGWES. However, [17] Ryan [2002] shows that Be/Zr ratios increase across the Kurile island arc. By contrast, the Be/Zr ratios of the VF and BVF volcanic rocks from the SEGWES region completely overlap ( Figure 6 ). In addition, most BVF and VF volcanic rocks have Be/Zr ratios greater than those observed in oceanic basalts ( Figure 6 ).
[18] Figure 7 shows that the Li/Yb ratios of SEGWES VF volcanic rocks are generally higher than those found behind the volcanic front. The exceptions, once again, are the BVF-like basalts from Pacaya and the VF-like lavas from the Las Viboras shield volcano. Although not shown, there is no systematic decline in Li/Yb ratios once behind the volcanic front. The Li/Yb ratios of SEGWES crustal rocks include both VF and BVF levels ( Figure 7) . Overall, SEGWES volcanic rocks exhibit a subvertical trend in Figure 7 , with quite variable Li/Yb ratios, generally higher than those in oceanic basalts, at relatively constant Dy/ Yb. Such subvertical trends and Li enrichments are characteristic of arc suites [Ryan and Langmuir, 1987] .
[19] Li isotopic ratios generally display no systematic changes across subduction zones [Tomascak et al., 2002; Moriguti et al., 2004; Leeman et al., 2004] . An important exception is the Izu arc where the d 7 Li values of erupted volcanic rocks regularly decline with Benioff Zone depth [Moriguti and Nakamura, 1998b] . d
7 Li values also decrease, although much less consistently, across southern Cascadia, in the Mt. Shasta area [Magna et al., 2006] . Figure 8 shows that, although there are no systematic changes in d 7 Li across the SEGWES region, some BVF volcanic rocks have lower d
7 Li values than those of the volcanic front, even taking into account the analytical error of the isotopic measurements. Overall our Li isotopic measurements for SEGWES volcanic rocks overlap those published for other subduction zone lavas which chiefly range from 2 to 7% [Moriguti and Nakamura, 1998b; Tomascak et al., 2000 Tomascak et al., , 2002 Chan et al., 2002; Moriguti et al., 2004; Leeman et al., 2004; Magna et al., 2006; Agostini et al., 2008] . The Li isotopic data for SEGWES volcanic rocks also overlaps the range exhibited by MORB and OIB lavas (2-7%) [Chan et al., 1992; Moriguti and Nakamura, 1998b; Chan and Frey, 2003;  [20] Figure 9 shows that Guatemalan volcanic rocks, including those of the volcanic front, are characterized by slightly lower d 7 Li than volcanic rocks erupted along the remainder of the subduction zone. In the SEGWES behind-the-front region the lowest Li isotopic values (<3.2%) occur within 250-310 km along the arc (Figure 9 ) in areas that are likely experiencing the greatest amounts of arcnormal extension [Williams et al., 1964; Burkart and Self, 1985] .
Discussion

Light Element Constraints on Slab Contributions
[21] Previous investigations of trace element (and isotopic) tracers across the SEGWES portion of the Central American subduction zone have concluded that slab contributions in erupted magmas substantially decline immediately behind the volcanic front and from then on show no systematic variations with increasing distances from the volcanic front [Walker et al., 1995 [Walker et al., , 2000 . As for most subduction zones, slab contributions in Central America may be provided by fluids or melts from one, or some combination, of the following: subducted sediments; hydrated, subducted oceanic crust; and perhaps even hydrated, subducted mantle lithosphere [Carr et al., , 2003 Morris et al., 1990; Walker et al., 1990 Walker et al., , 2001 Walker et al., , 2007 Leeman et al., 1994; Patino et al., 2000; Chan et al., 2002; Cameron et al., 2002; Rüpke et al., 2002] .
[22] Since B and Li are considered fluid mobile, the generally lower B, Li, B/Nb, B/Be, B/La, and Li/Yb of BVF lavas in the SEGWES region (Figures 3 and 5 ) strongly suggest that it is fluid contributions from subducted Cocos lithosphere that decline abruptly behind the volcanic front [Morris et al., 1990; Bebout et al., 1993; Tonarini et al., 2007] . This is consistent with the lower water (and fluid mobile element) contents in olivine-hosted melt inclusions from tephras erupted behind the volcanic front ].
[23] There are three possible sources of B-and Lienriched fluids from subducted Cocos lithosphere. The first is subducted oceanic crust that has experienced extensive low-temperature alteration [Seyfried et al., 1984; Morris et al., 1990; Chan et al., 1992; Leeman et al., 1994] . A second potential source of B-and Li-rich hydrous fluids is the uppermost layer of sediments subducting in Central America, consisting of hemipelagic clays, which Leeman et al. [1994] and Chan et al. [2006] have shown is enriched in both B and Li. In contrast, the underlying layer of subducting sediments, consisting of carbonate oozes, is both B and Li poor [Leeman et al., 1994; Chan et al., 2006] . A final possible source of B-and Li-rich fluids is subducted serpentinite [Benton et al., 2001 [Benton et al., , 2004 Rüpke et al., 2002; Savov et al., 2005 Savov et al., , 2007 Tonarini et al., 2007] , either formed by suprasubduction hydration of fore-arc mantle and transported deeper into the subduction zone near the slab surface by mantle flow [Straub and Layne, 2002; Hattori and Guillot, 2003] , or originating via deep hydration of lithospheric mantle within the subducting plate itself [Ulmer and Trommsdorff, 1995] , possibly a consequence of flexural faulting seaward of the trench at the outer rise [Peacock, 2001; Ranero et al., 2003] .
[24] In order to assess which of these alternative sources of hydrous fluids could be controlling the observed across-arc geochemical variations, we have estimated the slab depths beneath each of our sampled volcanoes in the SEGWES region using the new global catalog of Syracuse and Abers [2006] . Since seismicity in the Cocos plate is rare beyond 200 km, we only include BVF volcanoes whose estimated slab depth is less than 200 km. This removes about 1/2 of our BVF volcanoes, but does not affect the conclusions that follow.
[25] Figure 10 illustrates how a number of tracers of slab signals vary with slab depth (H). The first thing to note is that the slab depth beneath the volcanic front in the SEGWES region varies from 85 to 105 km, and that the dramatic reductions in B, Cs, B/Nb, B/Be, and B/La (from VF to BVF), and hence in slab fluid contributions, occur immediately beyond these depths (Figures 10a-10c) . Since subducting sediments are volumetrically unimportant and recent thermodynamic petrologic modeling suggests that they would be significantly dewatered by 85-105 km [Rüpke et al., 2004; Gorman et al., 2006] , subducting sediments are unlikely to be the most important source of hydrous fluids either beneath, or behind the SEGWES volcanic front. Experimental results coupled with thermal modeling suggest that the dehydration of serpentinite within the subducting plate will occur between 90 and 200 km, with shallower breakdown in warmer subduction zones [Ulmer and Trommsdorff, 1995; Husen et al., 2003; Rüpke et al., 2004; Schmidt and Poli, 2005] . Serpentinite formed in the mantle wedge above the subducting plate and dragged down by mantle flow, on the other hand, will presumably dehydrate at similar, but somewhat shallower depths because of the inherently higher temperatures of the wedge [e.g., Hattori and Guillot, 2003] . Dehydration of subducting oceanic crust likely occurs over an even wider depth interval (<50 km to 200 km) with chlorite, lawsonite and phengitic mica being important hydrous phases [Poli and Schmidt, 1995; Poli, 1998, 2005; Rüpke et al., 2004] . Thus, existing thermal-petrologic models and experimental results indicate that a strong fluid signal observed at depths of 85-105 km could relate to the dehydration of subducted oceanic crust, and/or the dehydration of subducted serpentinite.
[26] A second noteworthy aspect of the across-arc geochemical changes shown in Figure 10 , that allows us to speculate further about the source of slab contributions, is that they are very elementally selective. Although B, and Cs concentrations are typically higher at the front and lower behind the front, this is not the case for other fluid mobile elements, such as Ba and K 2 O (Figures 10d and  10e ; also true for Rb, U and Pb although not shown), which show no obvious differences with slab depth (an observation that would only be reinforced if adjustments were made for the greater average amount of differentiation experienced by VF magmas). This means that the oft cited decline in Ba/La ratios across the SEGWES region [Walker et al., 1995 [Walker et al., , 2000 Cameron et al., 2002] is the result of the generally higher La contents of BVF magmas (Figure 10f ). Olivine-hosted melt inclusions in VF and BVF tephras demonstrate that magmas feeding the VF typically are also selectively enriched in Cl, as well as H 2 O ]. Thus, the major influx of hydrous fluids beneath the SEGWES volcanic front is characterized by distinct enrichments in B, Cs, and Cl. Studies of subduction zone high-pressure metamorphic rocks have identified phengitic mica as an important host of both B and Cs within subducting oceanic crust [Domanik et al., 1993; Bebout et al., 2007] . However, subduction zone phengite should also be an important source of K, Rb and Ba [Domanik et al., 1993; Schmidt and Poli, 2005; Bebout et al., 2007] , elements which are not selectively concentrated at the SEGWES volcanic front (Figure 10 and a number of studies have linked their enrichment in subduction zone environments specifically to dehydration of subducted serpentinite Layne, 2002, 2003] . So geochemical evidence favors serpentinite as the major source of the slab signal at the SEGWES volcanic front, with dehydration of oceanic crust playing a subordinate role.
[27] As mentioned above, subducted serpentinite could originate in two ways. The first is by suprasubduction hydration of fore-arc mantle [Hyndman and Peacock, 2003] , and its subsequent incorporation and downward transport by wedge convection [Iwamori, 1998; Straub and Layne, 2002; Hattori and Guillot, 2003; Savov et al., 2007; Tonarini et al., 2007] (Figure 11a ). It is important to emphasize that in this scenario fore-arc serpentinite would acquire its elemental inventory from shallow dehydration of subducting lithosphere where contributions from subducting sediments, and oceanic crust, are likely to be significant [Rüpke et al., 2004; Schmidt and Poli, 2005; Gorman et al., 2006] . Studies of high-P/T metasedimentary rocks and fore-arc serpentinites indicate that B and Cs are especially mobile during shallow dehydration [Bebout et al., 1993 Savov et al., 2005] . This would help explain the selective enrichments of B and Cs in lavas erupted at the SEGWES volcanic front (Figures 10a and 10b) . It has been suggested that decarbonation also peaks in the Central American fore arc, so that the down-drag model may be necessary to explain the observable CO 2 flux from the Central American VF [Gorman et al., 2006] . One suggested difficulty with this model, as depicted in Figure 11a , is that a large region of suprasubduction wedge serpentinite will have anomalously low density and viscosity, perhaps preventing it from participating in wedge convection [Hyndman and Peacock, 2003; Schmidt and Poli, 2005] . Alternatively, fragments of forearc serpentinite could be dragged downward within complex mélange zones along the slab-mantle interface [e.g., Bebout, 2007] . The second possible means of producing subducted serpentinite is by deep hydration of the mantle portion of oceanic lithosphere and its subsequent subduction [Ulmer and Trommsdorff, 1995; Poli, 1998, 2005; Peacock, 2001; Ranero et al., 2003; Rüpke et al., 2002 Rüpke et al., , 2004 (Figure 11b) . Vils et al. [2008] have recently shown that peridotites serpentinized at mid-ocean ridges can be key repositories of B. One possible problem with this second scenario for the SEGWES region is that fluids released from deep within the subducting plate might be expected to mobilize a wider spectrum of trace elements within the overlying crust and sediments [Schmidt and Poli, 2005; Zack and John, 2007] as opposed to just B, Cs and Cl.
[28] One caveat to our discussion about the SEGWES volcanic front is that its position 85-105 km above the subducting Cocos plate may be related to other factors and not tied directly to serpentinite dehydration. Other possible factors influencing the position of the VF include: the nature of fluid flow from the slab into and through the mantle wedge [Davies, 1999; Schmidt and Poli, 2005] ; fluid connectivity in the mantle wedge [Mibe et al., 1999] ; the thermal structure of the mantle wedge [e.g., Schmidt and Poli, 1998 ]; and melt migration and stress variations within the convecting mantle wedge [Spiegelman and McKenzie, 1987; Iwamori, 1998 ].
[29] Although BVF lavas of the SEGWES region are missing the strong fluid signal carried by VF lavas, most still bear a visible slab signal as evident by their elevated B/Nb and B/Be ratios relative to oceanic basalts ( Figure 5 ), for example. The negative correlations between the water and fluid immobile incompatible element contents of olivine-hosted melt inclusions in BVF tephras and the presence of significant 238 U enrichment in one of two BVF lavas analyzed for U series disequilibrium strongly suggests that the BVF slab signal is a result of recent slab additions and not a consequence of a long-accumulated and stored slab component. Although B enrichment is part of this slab signal, other incompatible elements are more notably enhanced, particularly Ba, K, Pb and Sr (Figure 12 ). Important mineral hosts within subducting lithosphere for these elements are thought to be phengitic mica in subducting sediments and oceanic crust, and lawsonite and zoisite in subducting oceanic crust [Domanik et al., 1993; Spandler et al., 2003; Bebout et al., 2007] . Subducting sediments have frequently been implicated as important contributors to the source regions of BVF, or rear-arc, lavas [Ryan et al., 1995 [Ryan et al., , 1996a Morris and Ryan, 2005; Portnyagin et al., 2007] . Recall that sediments subducting in Central America consist of two lithologically and stratigraphically discrete units [e.g., Kimura et al., 1997]. Walker et al. [2000, 2003] proposed that the BVF lavas of the SEGWES region may contain significant slab contributions from the devolatilization of carbonate sediments, which comprise the lower unit of the sedimentary sequence subducting in Central America. However, He-CO 2 systematics in geothermal fluids are not consistent with a greater contribution from carbonate sediments into the mantle source of the BVF region of Honduras, just a bit further along the Central American subduction zone [de Leeuw et al., 2007] . In addition, thermodynamic petrological modeling of the Central American subduction zone indicates that a substantial fraction of the CO 2 in carbonate-bearing marine sediments will be retained until depths of at least 180 km [Gorman et al., 2006] , i.e., substantially into the SEGWES BVF region (e.g., Figure 10 ). Walker et al. [1995] has shown that some BVF lavas have slightly more radiogenic Sr, Nd and Pb isotopic compositions. This could be due to significant slab contributions from the uppermost unit of subducting sediments, the hemipelagic clay and muds, which Feigenson et al. [2004] show to have the appropriate isotopic compositions. However, Cameron and Walker [2006] point out that the combined O and Sr isotopic compositions of the BVF volcanic rocks are more compatible with crustal contamination rather than source contamination (with hemipelagic sediments). Hence, we feel that subducting oceanic crust, not sediment, is most probably the provenance of the slab signal carried by BVF lavas. One could argue about whether the BVF slab signal is more compatible with its transfer from the subducting oceanic crust via a hydrous fluid, or via a silicate melt, but throughout much of the BVF region, >approxi-mately 150-180 km, distinctions between silicate melt and hydrous fluid may be lost because of the closure of the miscibility gap between them [Bureau and Keppler, 1999] . Thus, the agent of slab transfer behind the front in the SEGWES region might be better thought of as a silicate-and soluterich mobile phase or supercritical fluid [e.g., Schmidt and Poli, 2005] .
[30] In sum, across-arc trace element data suggest that there is a strong dehydration pulse provided by subducting serpentinite involved in the production of the SEGWES volcanic front. This pulse is likely superimposed on a continuous dehydration signal provided by subducting oceanic crust which is retained behind the volcanic front to slab depths >200 km. Superposition of a large volume, single fluid pulse from hydrous peridotite onto continuous fluid production from subducted oceanic crust is compatible with: the experimental syntheses of Figure 12 . Spidergrams showing incompatible element contents of four primitive BVF volcanic rocks, GUC303, GUC819, GUA8, and GUC800, normalized to normal mid-ocean ridge basalts after Sun and McDonough [1989] . Grey bands show incompatible element variations in two relatively primitive VF lavas, SM-126 and TCB-302. Note the general similarities except for Cs. Forneris and Holloway [2004] and Schmidt and Poli [2005] ; the recent modeling results of Rüpke et al. [2002 Rüpke et al. [ , 2004 and Husen et al. [2003] ; and the overall geochemical model of Tonarini et al. [2007] . We next evaluate whether the Li isotopic variations across the SEGWES region also reflect spatial variations in slab contributions.
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Origin of Lithium Isotope Variations Across the SEGWES Region
[31] A final notable feature of the across-arc changes reported here is that many of the BVF volcanic rocks have lower d
7 Li values, by about 1 -2 per mil, than those of the volcanic front (Figure 13a ). In comparison to the behind-the-front changes in light element concentrations and ratios just discussed, the lower d
7 Li values first appear at slightly greater slab depths ($125 versus 113 km; Figure 10 ). Figure 13 shows that behind-the-front, or back-arc, volcanic rocks in the Aleutian and Izu arcs and in the southern Cascades also have generally lower d 7 Li than their frontal counterparts. However, this is not the case for the Kurile and Sunda arcs, or for northeastern Japan or the northern Cascades (Figure 13 ).
[32] The lower magmatic d
7 Li values observed behind the front in the Izu arc have been attributed to reduced contributions from a single slab fluid with a high d 7 Li ($+10%) and increased contributions from a single mantle component (with d 7 Li $ 0%) [Moriguti and Nakamura, 1998b; Moriguti et al., 2004] . Although this explanation is based on consistent isotopic mixing interrelationships, it fails to take into account the expected isotopic fractionation during progressive dehydration of the subducted plate [Tomascak et al., 2002; Benton et al., 2004; Brooker et al., 2004; Wunder et al., 2006; Elliott et al., 2006; Marschall et al., 2007a] , and it overlooks the question of why the purported mantle source is substantially lighter (d 7 Li $ 0%) than normal, unmetasomatized upper mantle with d 7 Li of 3-4% [Brooker et al., 2004; Teng et al., 2004; Elliott et al., 2006; Wunder et al., 2006; Rudnick and Ionov, 2007] .
[33] It appears from Figure 6 of their paper that Magna et al. [2006] explain the generally lower d
7 Li values seen in behind-the-front lavas from the Medicine Lake region in the southern Cascades by continuous d 7 Li decrease in slab fluids with increasing slab depth. This would be the natural consequence of the preferential loss of 7 Li during progressive dehydration of subducted lithosphere [Tomascak et al., 2002; Brooker et al., 2004; Benton et al., 2004; Wunder et al., 2006; Elliott et al., 2006; Marschall et al., 2007a] . Marschall et al. [2007a] present the most recent model of 7 Li loss from dehydrating altered oceanic crust utilizing updated determinations of the temperature dependence of the Li isotope fractionation factor between solids and fluid from Wunder et al. [2006, 2007] . The results of Marschall et al. [2007a] indicate that the 7 Li of oceanic crust can be reduced only up to about 3% via progressive dehydration. Nevertheless, fluid input from more deeply subducted 7 Li-depleted oceanic crust is a possible explanation of the generally lower d 7 Li of SEGWES BVF lavas, although it would require the initial 7 Li of subducted Cocos crust to be no greater than about 5-6%. This could certainly be the case as the Li isotopic values of altered oceanic crust exhibits a wide range, from À5% to >15% [Chan et al., 1992 [Chan et al., , 2002 Bouman et al., 2004] . Although it is a viable explanation of the lower d 7 Li of many SEGWES BVF lavas, coupled dehydration and isotopic fractionation might be expected to produce systematic across-arc reductions in d 7 Li in most, if not all, subduction zones. Yet, only half the subduction zones investigated to date have lower d 7 Li in BVF regions (Figure 13) , and only the Izu arc exhibits continuous across-arc reductions in d 7 Li [Moriguti and Nakamura, 1998b] . The general lack of systematic reductions in the d 7 Li of erupted magmas across subduction zones is likely a consequence of the buffering of subduction-derived Li within the mantle wedge because of the aforementioned affinity of Li for mantle olivine and pyroxenes [Tomascak et al., 2000 [Tomascak et al., , 2002 Brooker et al., 2004; Tomascak, 2004; Wunder et al., 2006; Agostini et al., 2008] . Thus any d 7 Li inheritance from the subducted slab would be strongly muted by its mixing into the large Li reservoir of the convecting mantle wedge. However, there are other possible origins of the [34] Surficial weathering is one such possibility. A number of studies have shown that 7 Li is often preferentially leached into surface waters during terrestrial weathering, thus producing isotopically lighter, and Li-depleted, rock residues [Pistiner and Henderson, 2003; Kisakürek et al., 2004; Rudnick et al., 2004; Halama et al., 2008] . Figure 14 , however, shows that the low-7 Li BVF volcanic rocks are not depleted, or enriched, in Li. Nor do these samples display petrographic evidence of greater surface alteration. Hence, we discount weathering as a cause of the lower d 7 Li of many BVF volcanic rocks.
[35] Previous studies have concluded that crustal contamination has locally influenced the composition of magmas across the SEGWES region [Walker et al., 1995 Cameron and Walker, 2006] . Radiogenic and O isotopes have proven to be most affected by, and hence are the most useful gauges of, crustal contamination [Walker et al., 1995; Cameron and Walker, 2006] Nd/ 144 Nd grossly decreases, in erupted basalts with distance from the volcanic front across the SEGWES region [Walker et al., 1995] . This has been attributed to the increasing likelihood of crustal contamination, because of the increasing presence of older basement, across the arc [Walker et al., 1995] . This hypothesis is a plausible explanation of the increased B contents of BVF lavas erupted further from the volcanic front, given the relatively elevated concentrations of B in the crustal rocks (Figure 3a) . Both radiogenic and O isotopes suggest that the most plausible contaminants are Paleozoic metamorphic rocks that outcrop in the northern reaches of the SEGWES region [Walker et al., 1995; Cameron and Walker, 2006] .
[36] As shown in Figure 8 , the SEGWES metamorphic rocks have very low Li isotopic values (À2.6-0.9%). Thus, it is possible that contamination with these metamorphic rocks could be responsible for the slightly lower Li isotopic ratios of all Guatemalan volcanic rocks as well as the significantly lower d 7 Li of many of the SEGWES BVF volcanic rocks. The isotopic modeling results shown in Figure 15 demonstrate that although small to moderate amounts of bulk contamination (or combined assimilation/fractional crystallization) with the SEGWES metamorphic rocks could lower d 7 Li ratios from values seen along the volcanic front in El Salvador to those observed at the front and behind the front, respectively, in the SEGWES region, they cannot explain the relatively radiogenic Nd isotopic ratios in behind-the-front basalts with the lowest d 7 Li. Thus, traditional models of crustal contamination suggest that it is not the cause of the generally lower d 2003; Lundstrom et al., 2005; Halama et al., 2007; Rudnick and Ionov, 2007; Parkinson et al., 2007] , so that a nontraditional view of contamination may need to be employed to explain Li isotopic variability.
[37] Experimental studies have demonstrated that the diffusivities for lithium in silicate minerals and melts are orders of magnitude faster than those of other cations [Giletti and Shanahan, 1997; Richter et al., 2003] , and that diffusion of lithium between distinct silicate melts can produce significant diffusive fractionation between 7 Li and 6 Li because of the faster diffusion of the lighter isotope [Richter et al., 2003; Lundstrom et al., 2005] . Detailed models of the diffusive fractionation of Li isotopes between silicate melts and surrounding rocks have shown that the d 7 Li within the Li ''sink'' can be reduced by considerably more than 1-2 per mil [Richter et al., 2003; Lundstrom et al., 2005; Halama et al., 2007; Parkinson et al., 2007] . The overall extent of fractionation is largely controlled by the existing concentration gradient and the relative diffusivity of the two isotopes. Figure 3c shows that the concentration gradient for Li between continental crust and infiltrating magmas throughout the SEGWES region would likely be relatively small, but could be enough to stimulate diffusion of Li from Paleozoic-Mesozoic country rocks into passing magmas. In such a scenario of crustal assimilation coupled with diffusive fractionation, magmas would selectively gain 6 Li and hence obtain a lighter d 7 Li [Halama et al., 2008] . Thus, crustal contamination could selectively alter Li isotopic compositions and cannot be excluded as a possible cause of the lower d 7 Li of many BVF lavas of the SEGWES region. One important requirement for this scenario is that contamination must have occurred relatively recently, perhaps only days to a few years before eruption, as diffusionrelated gradients will relax over time given the high diffusivity of Li [Halama et al., 2007; Parkinson et al., 2007] . Since crustal contamination is also thought to be operational in the differentiation history of some basalts of the Medicine Lake region [Grove et al., 1982; Donnelly-Nolan et al., 1990] , coupled crustal contamination and diffusive fractionation is also a very viable explanation of the low d 7 Li of many basalts in the southern Cascades [Magna et al., 2006] . It is arguably less viable for the lower d 7 Li behind the oceanic Izu arc, as the necessary Li-rich crust may not exist.
[38] In sum, there are two possible causes of the lower d
7 Li values seen in many SEGWES BVF lavas: (1) preferential removal of 7
Li from subducting Cocos lithosphere during dehydration preceding BVF slab depths or (2) diffusive fractionation during late stage contamination with Li-enriched continental crust. We favor the second possibility since the modeling results shown in Figure 15 show that the lower d 7 Li ratios of Guatemalan volcanic rocks in general can be produced by minor crustal contamination, and that previous studies have concluded that crustal contamination has locally influenced the composition of magmas across the SEGWES region [Walker et al., 1995 Cameron and Walker, 2006] .
Beryllium, Wedge Melting, and Slab Contributions
[39] As shown in Figure 3e , Nb concentrations are consistently higher in SEGWES BVF volcanic rocks. Given niobium's immobility in hydrous fluids [e.g., Tatsumi et al., 1986] , these higher concentrations have been attributed to consistently lower degrees of wedge melting behind the volcanic front [Walker et al., 1995] . Equivalent conclusions have been reached for the northeast Japan arc [Sakuyama and Nesbitt, 1986] . Since across-arc variations in Be are analogous to those displayed by Nb (Figure 3 ), Be concentrations of SEGWES magmas are also likely controlled largely by the overall extent of melting in the mantle wedge with lower degrees of melting behind the front. Previous modeling of Nb/Y and Zr/Y variations have suggested that SEGWES BVF magmas represent about 2-10% partial melting of peridotite as opposed to approximately 8-20% partial melting for VF magmas [Walker et al., 1995 ].
[40] The extent of wedge melting at subduction zones is generally controlled by the influx of hydrous fluids from dehydration of the subducting plate [McBirney, 1969; Ryan and Langmuir, 1993; Stolper and Newman, 1994; Portnyagin et al., 2007] . This is sometimes referred to as flux melting [e.g., Walker et al., 1995] . However, Walker et al. [1995 proposed that melting in the SEGWES BVF region may be, either completely or partially, decoupled from of the hydrous ''flux'' from the subducting Cocos plate and driven instead by decompression of wedge peridotite. Independent numerical modeling by Conder et al. [2002] and Kincaid and Hall [2003] indicate that significant decompression melting could develop during return flow through the mantle wedge in some subduction zones. In addition, Currie and Hyndman [2006] argue that the elevated temper- atures in subduction zone back arcs necessitate vigorous thermal convection in the underlying mantle wedge, i.e., a ripe environment for decompression melting. As shown in Figure 16 , the new light element data are consistent with the presence of decompression melting in the BVF region as the degrees of melting inferred for BVF magmas (gauged very roughly by their Be contents) show little correlation with the magnitudes of the hydrous slab signal they carry (gauged by their B/Be ratios). Nevertheless, the moderate water contents, of about 2 wt%, inferred for the majority of BVF magmas (from analyses of olivine-hosted melt inclusions) strongly suggest that their generation is still directly and intimately tied to dehydration of the Cocos plate. For example, the algorithm presented by Portnyagin et al. [2007] indicates that it would be nearly impossible to obtain 2 wt% water in a basaltic parental melt of peridotite via decompression melting alone unless degrees of melting were well above 10%. Using a cruder method, Walker et al. [2003] estimated that the relative contributions of flux to decompression melting below BVF volcanoes are about 1:1.
[41] As noted above, most VF and BVF volcanic rocks have higher Be/Zr ratios than those of oceanic basalts (Figure 6 ) which attests to some slab additions of Be [Ryan and Langmuir, 1988; Ryan, 2002] . The moderate 10 Be/Be ratio (10.5) of a young basaltic lava from Pacaya volcano indicates that a portion of the slab additions of Be to VF magmas must originate from subducting sediments, specifically the overlying layer of hemipelagic sediments [Morris et al., 1990; Leeman et al., 1994] . Therefore, one might expect the highest Be/Zr ratios at the VF. Yet, this is not the case, as SEGWES VF and BVF volcanic rocks exhibit overlapping Be/Zr (Figure 6 ). One possible explanation of this observation, if deep slab contributions from subducting hemipelagic sediments can be ruled out (see arguments above), is that Be does have limited mobility in aqueous fluids as suggested by some authors [Tatsumi and Isoyama, 1988; You et al., 1994; Marschall et al., 2007b] , and is an ingredient in the proposed continuous fluid flux from subducting oceanic crust. Beryllium mobility might be enhanced if fluid flow is channelized and reactive [Zack and John, 2007] . Alternatively, perhaps Be becomes increasingly soluble in slab-derived fluids as they become more meltlike with increasing depths [e.g., Schmidt et al., 2004] which serves to offset the lessened contributions of Be from subducting sediments. Another possibility for offsetting the lessened slab-derived Be to BVF regions is that Be is recognizably more incompatible than Zr during mantle melting, so that the characteristic lower degrees of melting behind the volcanic front lead to higher magmatic Be/Zr ratios relative to the VF.
Conclusions
[42] New light element data have helped constrain possible downdip changes in slab contributions across the northern part of the Central American subduction zone. Selective enrichments of B (and Cs) in volcanic front lavas suggest that their origins are tied to a concentrated fluid pulse from subducted serpentinite, either down-dragged fore-arc serpentinite, or serpentinite within hydrated ultramafic portions of the Cocos plate. Therefore, one important goal for future studies of the northern part of the Central American subduction zone should be to determine whether there is indeed evidence of fore-arc or subducted serpentinite from geophysical data, as has been claimed for southern Central America and other subduction zones [Hyndman and Peacock, 2003; DeShon and Schwartz, 2004] .
[43] Lavas erupted from 10 to 110 km behind the volcanic front also bear evidence of fluid input from subducting Cocos lithosphere. We suggest this slab signal comes from continuing dehydration of subducting, hydrated oceanic crust to slab depths in excess of 200 km. Be enrichments appear to be part of this signal indicating that either Be is more fluid mobile than generally thought or that, with depth, Be becomes more soluble as slab fluids become more melt-like and solute-rich. [44] Many behind-the-front lavas have lower d 7 Li than volcanic front lavas. This could also reflect progressive dehydration of subducting oceanic crust, but also may originate from diffusive fractionation during late stage contamination with Lienriched continental crust.
